Dendritic cells (DCs) are crucial for the induction of antiviral immunity via instruction of both the innate and adaptive immune system (3, 4, 13) . The hallmark of antiviral responses is production of type I interferons (IFNs). Although classically plasmacytoid DCs were thought to be the major producers of type I IFNs (6, 17) , it has been shown that conventional DCs can produce similarly high type I IFN levels upon viral infection (11) . In fact, all nucleated cells are capable of type I IFN production, resulting in the establishment of an antiviral state in neighboring cells via upregulation of so-called IFN-stimulated genes (ISGs).
DCs express a vast array of pattern recognition receptors, such as Toll-like receptors (TLRs), which enable them to recognize viral pathogen-associated molecular patterns (PAMPs) like double-stranded RNA (dsRNA) (2) and single-stranded RNA (10, 15, 24) . TLRs responding to viral nucleic acids are localized within the endosomal compartment (26, 29) and are triggered upon endocytosis of viral particles or virus-infected cells but presumably do not sense cytoplasmic virus replication upon infection of the DC itself. Instead, recent studies have identified two structurally related RNA helicases, retinoic acid-inducible gene I (RIG-I) (39) and melanoma differentiation-associated gene 5 (MDA5) (18) , both ISGs, as critical mediators in the response to infection with different RNA viruses in mice (14, 20, 38) . Triggering of MDA5 or RIG-I causes recruitment of the shared adaptor protein IFN-␤ promoter stimulator 1 (IPS-1), also known as mitochondrial antiviral signaling protein (MAVS), virus-induced signaling adaptor (VISA), and CARD adaptor inducing IFN-␤ (Cardif) (21, 27, 33, 36) , leading to induction of type I IFNs. RIG-I-deficient cells display greatly diminished type I IFN responses to various RNA viruses and in vitro-transcribed dsRNA (19, 20) . Interestingly, MDA5-deficient cells are selectively unresponsive to certain picornaviruses, such as encephalomyocarditis virus and Theiler's encephalomyelitis virus as well as the synthetic dsRNA analogue poly(I:C) (14, 20) . This specificity might be related to the presence or absence of 5Ј-triphosphate groups, which was recently reported to be a critical structure for RIG-I activation (16, 30) . The essential contribution of these RNA helicases to antiviral immunity becomes evident in RIG-I-or MDA5-knockout mice that readily succumb upon infection with Japanese encephalitis virus or encephalomyocarditis virus, respectively (14, 20) .
To date, most data regarding RIG-I and MDA5 are derived from mouse studies, while still little is known regarding the role of these viral sensors in human cells. We recently showed that infection of human monocyte-derived DCs with echovirus (EV), but not coxsackie B virus (CVB), results in rapid inhibition of TLR-mediated responses and massive cell death (22) . As it is difficult to reconcile these in vitro effects with the generally mild clinical outcome of EV infections, we set out to investigate the conditions that could potentially alter DC susceptibility. In the present work, we demonstrate that phagocytosis of virus-infected cells results in enhanced expression of RIG-I, MDA5, and other ISGs and protects DCs against EV infection. These effects require intact endosomal acidification and depend on the presence of RNA in infected cells. Thus, DCs engage a state of antiviral resistance following recognition of viral RNA.
MATERIALS AND METHODS
Virus stocks and purification. Reference strains echovirus 1 Farouk (EV1 Farouk), EV7 Wallace, EV8 Bryson, EV9 Hill, and EV11 Gregory were obtained from the National Institute for Public Health and the Environment (RIVM, Bilthoven, The Netherlands). Coxsackievirus B3 (CVB3) Nancy was kindly provided by R. Kandolf (University of Tübingen, Tübingen, Germany). Production of virus stocks and virus titrations were performed on buffalo green monkey cells as described previously (22) . Serial 10-fold dilutions were tested in 96-well microtiter plates, and 50% tissue culture infective doses were calculated as described before (35) .
Plasmids. The EV9 Hill infectious cDNA clone (40) was generously provided by B. Nelsen-Salz (Virology Institute, University of Cologne, Cologne, Germany).
Stimulation of monocyte-derived DCs. Monocyte-derived DCs were generated as described previously (22) . Mature DCs were obtained by stimulating cells with poly(I:C) (20 g/ml), lipopolysaccharide (LPS) (100 ng/ml), R848 (4 g/ml), and PAM 3 Cys-SKKKK (PAM, 2 g/ml) for a period of 24 h, unless indicated otherwise. To block the actions of type I IFN, cells were stimulated in the presence or absence of neutralizing anti-human type I IFN antibodies (1:100; Iivari, Kaaleppi, or bovine serum; courtesy of I. Julkunen, National Public Health Institute, Helsinki, Finland) (28) . To block endosomal acidification, DCs were cultured with chloroquine (CQ, 10 M) starting 1 h prior to poly(I:C) stimulation. For infection, immature or mature DCs were harvested using cold phosphate-buffered saline (PBS), washed, and infected at a multiplicity of infection (MOI) of 1 with indicated viruses in serum-free RPMI medium. After 60 min of incubation at 37°C, cells were washed three times in an excess volume of PBS, after which viral titers were determined at different time points postinfection (p.i.) as described above.
WB. Equal amounts of protein were separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose membranes (Bio-Rad), followed by probing with the indicated antibodies. Anti-RIG-I and anti-protein kinase R (anti-PKR) antibodies were purchased from ProSci Incorporated and Becton Dickinson Transduction Laboratories, respectively. Production of rabbit polyclonal anti-MDA5 was described previously (23) . RIG-I, PKR, and MDA5 antibodies were used in 1:1,000; 1:500, and 1:10,000 dilutions, respectively. After washes, membranes were incubated with IRDye anti-mouse or anti-rabbit immunoglobulin G (IgG) (1:15,000) (Li-Cor Biosciences). Imaging was done using the Odyssey System. Western blot (WB) analysis of viral protein 3A was done as described before (22) .
Transfection of viral RNA. pEV9Hill was linearized by digestion with NotI and transcribed in vitro with T7 RNA polymerase (Promega). DCs were harvested, washed with PBS, and resuspended in phenol-red free Optimem (Invitrogen Life Technologies). RNA electroporation was performed as described before (22) .
RNA isolation. Total RNA was isolated from DC cultures using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions, with minor modifications. RNA integrity was determined by analyzing the ribosomal 28S and 18S bands on a 1% agarose gel. The reverse transcription reaction was performed using Moloney murine leukemia virus reverse transcriptase (Invitrogen) according to the manufacturer's instructions. For each sample a "ϪRT" control was included in which the reverse transcriptase was replaced by diethyl pyrocarbonatetreated Milli-Q. The cDNA was stored at Ϫ20°C until further use.
qPCR. Quantitative analysis of gene expression in DCs was done using Sybr green-based quantitative PCR (qPCR). The qPCRs were performed in a 25-l volume containing 12.5 l Sybr green mix (Applied Biosystems), 1.5 l forward/ reverse primer (300 nM final concentration), 4.5 l Milli-Q, and 5 l cDNA dilution. Reactions were performed on an ABI 7900HT Sequence Detection System (Applied Biosystems). Analysis was done using sequence detection system software (SDS, version 2.0; Applied Biosystems). Primer sequences are available upon request and were designed using the freely accessible Primer Bank program (34) .
Uptake of Vero cells. Vero cells were labeled using PKH26 (Sigma-Aldrich) according to the manufacturer's instructions and infected with CVB3 at an MOI of 10. Cells were harvested and washed 6 to 8 h p.i. and resuspended in fresh medium at a density of 5 ϫ 10 6 cells/ml prior to being held at Ϫ20°C until further use. Vero cell preparations were added to DC cultures at a ratio of 1:1 (in some experiments DCs had been pretreated with CQ as described above). Alternatively, Vero cell preparations were exposed to a mixture of RNase A (Roche) and RNase V-I (Ambion) or an equal volume of PBS for a period of 15 min at 37°C prior to addition to DCs. Uptake of Vero cells by DCs was analyzed using flow cytometry and confocal microscopy.
Confocal microscopy. DCs were harvested, washed, and allowed to adhere to poly-L-lysine-coated coverslips in serum-free medium for 1 h at 37°C. Cells were fixed with 1% paraformaldehyde and blocked in PBS with 3% bovine serum albumin, 10 mM glycine, and 2% human serum (blocking buffer [BB] ). For cell surface staining, cells were incubated using mouse anti-human DC-SIGN (Beckman Coulter) or mouse-anti human HLA-DR/DP (ascites) in BB, washed, and incubated with isotype-specific Alexa-labeled goat anti-mouse IgGs (Alexa 568/ Alexa 647; Molecular Probes). For intracellular staining, cells were fixed using 1% paraformaldehyde, permeabilized using 0.1% Triton X-100 in PBS, and incubated with rabbit polyclonal anti-MDA5 followed by incubation with goat anti-rabbit IgG-Alexa 488 (Molecular Probes) in BB. After final washes, cells were sealed using Mowiol (Merck) and analyzed using confocal microscopy (Bio-Rad MRC 1024).
Statistical analysis. Statistical analysis was performed using Student's t test (twotailed distribution). A P value Ͻ 0.05 was considered a significant difference.
RESULTS

Poly(I:C) induces resistance against viral infection in human DCs.
We previously reported that human DCs display a striking difference in susceptibility to infection with distinct types of Enterovirus, a genus of the Picornaviridae family. While DCs are productively infected with EV, they are resistant to infection with the closely related CVB (22) . Here, we investigated the effect of stimulation with different TLR ligands on susceptibility for EV infection. Untreated DCs and DCs stimulated with LPS (TLR4), PAM 3 Cys (TLR1/2), or R848 (TLR7 or TLR8) were all highly susceptible to EV9 infection, leading to significant increases in virus titers and viral proteins (Fig.  1A) . In contrast, stimulation with the synthetic viral dsRNA analogue poly(I:C) dramatically reduced EV9 replication (Fig.  1A) , in a concentration-dependent manner (data not shown). Time course analysis showed that resistance to EV9 infection was accrued within 6 h after poly(I:C) exposure (Fig. 1B) . Additionally, infection of DCs with EV1, EV7, EV8, and EV11 could also be inhibited by poly(I:C) treatment, showing that the protective effect applied to a broad range of EV strains (Fig. 1C) . Poly(I:C)-stimulated DCs also displayed reduced virus replication upon delivery of in vitro-transcribed EV9 RNA directly into the DC cytoplasm, suggesting the induction of an active antiviral state, rather than simple downregulation of the (as-yet-unidentified) EV9 receptor on the cell surface (Fig. 1D) .
To evaluate the effects of TLR triggering on expression of genes that are crucially involved in the innate antiviral response, we determined mRNA levels of the viral sensors RIG-I and MDA5 and the effector molecule PKR. Stimulation with PAM, R848, or lipoteichoic acid did not affect ISG expression, and only a modest increase was observed in some experiments using LPS. However, stimulation with poly(I:C) consistently induced a strong upregulation of RIG-I, MDA5, and PKR ( Fig. 1E and data not shown) . WB analysis corroborated our findings by qPCR and demonstrated elevated protein levels following exposure to poly(I:C) (Fig. 1F) . Confocal analysis showed an increased expression of endogenous MDA5 in the cytoplasm of poly(I:C)-stimulated human DCs (Fig. 1G) . Furthermore, neutralizing antibodies against type I IFN inhibited the effect of poly(I:C) on both expression of ISGs (Fig. 1H ) and viral infection (Fig. 1I) , implying that poly(I:C) exerts its effect at least in part via autocrine type I IFN stimulation.
Collectively, these data indicate that exposure to synthetic for 24 h and subsequently electroporated using 20 g in vitro-transcribed RNA from the full-length cDNA clone of EV9. The increase in viral titers was determined at several time points after electroporation. (E) DCs were stimulated using LPS, R848, PAM, or poly(I:C) as described for panel A, and mRNA levels of RIG-I, MDA5, and PKR were determined using qPCR at several time points after stimulation. (F) Protein expression of RIG-I, MDA5, and PKR was analyzed by WB assay 24 h after stimulation of DCs as described for panel A. (G) DCs were left untreated or stimulated with poly(I:C) (20 g/ml) for 24 h, after which DCs were harvested, stained using DC-SIGN and MDA5-specific antibodies, and analyzed using confocal microscopy as described in Materials and Methods. (H) DCs were stimulated with poly(I:C) in the presence or absence of type I IFN neutralizing antibodies (Iivari, Kaaleppi, and bovine anti-IFN-␣; see Materials and Methods). After 8 h, mRNA expression levels of RIG-I, MDA5, and PKR were determined using qPCR.
Shown are mean expression levels Ϯ standard deviations of three independent experiments using different donors ( * , P Յ 0.05; ** , P Յ 0.01).
(I) DCs were stimulated with poly(I:C) (20 g/ml) in the presence or absence of type I IFN neutralizing antibodies for 24 h, washed, and subsequently infected with EV9 at an MOI of 1, after which virus titers were determined at several time points p.i. Data shown are representative of more than five (A and E), three (C, D, F, G, H, and I), or two (B) independent experiments using different donors.
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of DCs (22) or upregulation of RIG-I, MDA5, or PKR (data not shown). Since secretion of type I IFNs by infected cells could influence susceptibility for infection and ISG expression in DCs, all experiments were performed with Vero cells, which carry a genetic defect in type I IFN synthesis (9, 12). CVB3-infected, but not uninfected, Vero cells were efficiently taken up by DCs (data not shown), likely reflecting the effect of infection on Vero cell viability. For the remainder of our experiments we used freeze-thawed cell preparations that were taken up with equal efficiency, irrespective of the infection status of the cells (Fig. 2A) . This enabled us to analyze the effect of uptake of uninfected or virus-infected cells on ISG expression and susceptibility in DCs. Confocal analysis confirmed the flow cytometry data by showing the presence of PKH26 ϩ compartments within DCs (Fig. 2B) . As the primers for human RIG-I and MDA5 cross-react with their Vero cell (Cercopithecus aethiops, African green monkey) homologues, we focused on mRNA expression of the ISGs IRF7 and PKR. Although uptake of mock-infected Vero cells had no effect, phagocytosis of CVB3-infected cells caused a rapid and profound upregulation of IRF7 and PKR in DCs (Fig. 2C) . WB analysis showed that uptake of CVB-infected, but not of mock-
FIG. 2. Phagocytosis of virus-infected cells increases the expression of RIG-I, MDA5, and PKR. (A) PKH26-labeled Vero cell preparations
(mock or CVB3 infected) were added to carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled DC cultures in a ratio of 1:1. After 24 h, the number of CFSE ϩ PKH26 ϩ DCs was analyzed using flow cytometry. (B) Presence of PKH26 ϩ Vero cell material within DCs after a 24-h coculture as analyzed using confocal microscopy. DCs were stained using anti-major histocompatibility complex class II. (C) DCs were cocultured with mock-or CVB3-infected Vero cell preparations, and the mRNA expression of PKR and IRF7 was determined using qPCR at different time points after the start of coculture. (D) DCs were cocultured with Vero cell preparations as described for panel A, and protein expression of RIG-I, MDA5, and PKR was determined using WB assay 24 h after the start of coculture. (E) DCs were cocultured with Vero cell preparations as described for panel A, and 24 h later cells were stained with major histocompatibility complex class II-and MDA5-specific antibodies and analyzed using confocal microscopy. Data shown are representative of more than six (A), four (B), or three (C to E) independent experiments using different donors. (Fig. 2D) . No ISG protein expression was detected in CVB3-infected Vero cell preparations as such (data not shown). Confocal analysis further confirmed increased MDA5 levels in DCs that had taken up CVB3-infected Vero cells compared to mock-infected cells (Fig. 2E) . Thus, phagocytosis of CVB3-infected cells by DCs leads to rapid upregulation of molecules involved in the innate antiviral response and can occur independently of type I IFN released by infected cells.
Phagocytosis of CVB-infected cells protects DCs against EV infection.
To determine whether upregulation of ISGs following uptake of infected cell preparations by DCs resulted in functional protection, DCs were subsequently infected with EV9. Vero cell preparations themselves did not support replication of EV9 (data not shown). Phagocytosis of infected preparations resulted in a markedly decreased EV replication in DC cultures, while uptake of uninfected cells had no effect (Fig. 3A) . WB analysis showed notably lower levels of the viral protein 3A and its precursor 3AB in DCs that had taken up CVB-infected Vero cells, which confirmed inhibited EV growth (Fig. 3A) .
We next assessed whether phagocytosis of these preparations could protect DCs against EV9-induced cell death. As shown in Fig. 3B , EV9 caused massive cell death in both untreated DCs and DCs that had taken up uninfected cell preparations. In contrast, uptake of CVB3-infected cell preparations strongly enhanced cell survival. Also exposure to poly(I:C) decreased cell death following EV infection. Taken together, these data indicate that phagocytosis of virus-infected cells can effectively protect human DCs against the lethal effects of EV infection. ISG upregulation in DCs following phagocytosis of infected cells requires intact endosomal acidification and is mediated via recognition of viral RNA. Infected, dying cells taken up by DCs are localized to so-called phagosomes, which subsequently "mature" via fusion with the endosomal/lysosomal compartments, resulting in a progressive decrease in pH (5). Interestingly, intracellular TLRs are also recruited to these compartments, enabling interaction with potentially released PAMPs, like dsRNA, which occurs in a pH-dependent fashion (8) . To determine if endosomal acidification is required for the induction of viral resistance following uptake of infected cell preparations, we pretreated DCs with CQ, a chemical that blocks acidification of these compartments. Pretreatment of DCs with CQ markedly decreased mRNA expression of IRF7 and PKR (Fig. 4A) as well as RIG-I, MDA5, and PKR protein levels (Fig. 4B) . Importantly, the CQ-mediated reduction in ISG levels was accompanied by reduced protection against EV infection (Fig. 4C) . These effects were not related to impaired phagocytosis, since CQ had no effect on uptake of Vero cell preparations (data not shown). CQ also reduced the poly(I:C)-mediated increase in ISG expression (Fig. 4D) and completely abrogated the inhibitory effect of poly(I:C) on infection (Fig.  4E) .
We next investigated the potential contribution of viral RNA present in the infected Vero cell preparations to both upregulation of ISGs and the induction of a resistant state. To this aim, CVB3-infected and uninfected cell preparations were incubated with a mixture of RNases prior to addition to DCs. RNase treatment did not affect uptake of preparations by DCs (data not shown). Degradation of RNA resulted in a strongly reduced upregulation of IRF7 and PKR mRNA levels (Fig.  4F) and RIG-I, MDA5, and PKR protein expression in DCs (Fig. 4G) . Furthermore, RNase treatment abrogated the protective effect on EV infection of DCs (Fig. 4H) , demonstrating the essential role of recognition of viral RNA in the induction of an antiviral state.
DISCUSSION
Phagocytosis of infected cells represents one of the defense mechanisms against viral infection and is executed by different immune cells. Here we report that uptake of CVB3-infected cells by human DCs resulted in rapid increase in both mRNA and protein levels of viral sensors including the RNA helicases RIG-I and MDA5 and effector molecules like PKR. Upregulation of these ISGs required intact endosomal acidification, was dependent on the presence of viral RNA, and could be mimicked by exposure to the synthetic dsRNA analogue poly(I:C). Moreover, DCs that had taken up CVB-infected cells were protected against lethal infection with EV.
Recent murine studies have highlighted the role of various RIG-like helicases in recognition of viral RNA (14, 19, 20) . These findings have challenged our view of the relative importance of TLRs and non-TLRs in antiviral immunity. For instance, recognition of the synthetic dsRNA mimetic poly(I:C) was classically thought to be mediated via TLR3 (2), while more recent data implicate MDA5 as a crucial component for type I IFN production upon poly(I:C) stimulation or viral infection in mice (14, 20) . Very limited human data are available regarding these novel RNA sensors in the human setting, but one study shows that poly(I:C) responses in human cell lines are RIG-I dependent (7), suggesting the existence of speciesspecific or cell-type-specific differences, analogues to the species-specific difference in recognition of single-stranded RNAs by TLR7 and TLR8 (15) . We previously demonstrated the dramatic consequences of EV infection for the function and viability of human DCs (22) . We presently document that distinct TLR ligands displayed a remarkably different effect on the induction of viral resistance in DCs. While poly(I:C) rapidly increased the level of different ISGs, including RIG-I and MDA5, and protected DCs against infection, other ligands such as PAM, lipoteichoic acid, and R848 did not. LPS caused a modest increase in ISG expression. This might imply that ISG upregulation is mediated in a TRIF-dependent fashion, as . After 8 h of stimulation, the expression of RIG-I, MDA5, PKR, and IRF7 was analyzed using qPCR. Shown are mean expression levels Ϯ standard deviations of three independent experiments using different donors ( ** , P Յ 0.01). (E) DCs were treated as described for panel A, and after 8 h of stimulation, cells were harvested, washed extensively, and infected with EV9 at an MOI of 1, after which viral titers were determined at several time points p.i. (F) Vero cell preparations were left untreated or exposed to a mixture of RNase A and RNase V-I prior to addition to DC cultures as described in Materials and Methods. Expression of PKR and IRF7 in DCs was analyzed using qPCR 8 h after addition of Vero cell preparations. (G) DCs were cocultured with Vero cell preparations as described for panel D, and protein expression of RIG-I, MDA5, and PKR was analyzed by WB assay 16 h after the start of coculture. (H) DCs were treated as described for panel D, and 16 h after the start of coculture, cells were harvested, washed, and infected with EV9 at an MOI of 1. Data are representative of three independent experiments using different donors.
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both poly(I:C) and LPS have been reported to signal via this adaptor protein (37) .
To study the effects of viral RNA recognition under conditions that more closely resemble the physiological situation, we used a model system in which DCs acquired virus-infected cells via phagocytosis. Uptake of CVB3-infected cells resulted in ISG upregulation and protection against EV, both of which could be blocked by CQ. As CQ is known to increase endosomal pH and it has been shown that the interaction between poly(I:C)/TLR3 (8) and CpG/TLR9 (32) is pH dependent, this would suggest a role for TLR3 in our experiments. Alternatively, CQ could hamper transport of viral structures, such as dsRNA, to the cytoplasm where recognition by other PPRs like RIG-I or MDA5 could take place. However, a recent study has shown that CQ treatment of human DCs rather increases export of soluble antigen from early endosomes into the cytosol, thereby promoting antigen cross-presentation (1). Identification of the exact routing of viral PAMPs following uptake by DCs can possibly aid in dissecting the relative contribution of TLRs and RNA helicases to different facets of the antiviral immune response.
It has been shown that, besides viral nucleic acids, viral proteins can also alter the activation status of DCs (25, 31) , which could affect DC susceptibility following phagocytosis of infected cells. Our experiments identified RNA within infected Vero cell preparations as the crucial component for both ISG upregulation and resistance against infection. Since uptake of noninfected cells had no effect, we favor a role for viral RNA in these processes. However, we cannot exclude the possibility that infection leads to modification of host RNA structures that could be subsequently recognized by different RNA sensors. The use of Vero cells in our experiments showed that phagocytosis of infected cells by DCs can induce protection independently of type I IFN released by infected cells. Thus, recognition of RNA could preserve the ability of DCs to engage an antiviral state, even when type I IFN responses in the infected cells are blocked as a consequence of viral immune evasion strategies.
In conclusion, recognition of viral RNA rapidly induces an antiviral state in human DCs. This might reveal a mechanism by which DCs protect themselves against viruses when attracted to an environment with ongoing infection, thereby facilitating adequate instruction of virus-specific T cells to clear viral infection.
